In this paper, a novel registration method is proposed by integrating the graph spectral theory and line features. The principal steps of our algorithm are as follows. Firstly, the images are filtered to enhance the reliability and robustness of registration, and line features are acquired by Hough Transform. Secondly, the original point features can be obtained by calculating the line intersections. The points are normalized to reduce computational complexity. Thirdly, voronoi diagrams of two point sets are extracted respectively. The original corresponding point sets are determined by corresponding voronoi diagrams, which can be obtained by Graph Spectral Theory. At last, RANSAC is used to remove the wrong corresponding points. The transform relationship of the two input images can be achieved using the corresponding point sets. The experimental results show that the proposed method can achieve high accuracy for the registration between optical and SAR images.
INTRODUCTION
With the development of remote sensing technique, there is an increasing interest on images from different sensors. Image registration is the fundamental pre-processing to remote sensing application, which has been widely used in different fields such as target identification, surface reconstruction, multi-resource date fusion, and change detection. However, because of the different imaging mechanisms between multi-source images, automatic registration becomes a big challenge, especially between SAR and optical images. The speckle noise makes it difficult to extract accurate corresponding features between SAR and optical images. In this paper, a novel registration method is proposed by integrating graph spectral theory with line features. Present image registration techniques broadly fall into two types: area-based and feature-based techniques. In the area-based method, techniques based on mutual information have been proposed for SAR and optical image registration. However, the absence of local spatial information in mutual information reduces the robustness of the techniques. To overcome this drawback, improvements have been proposed, such as combining mutual information with orientation information (Shu et al. 2005) or image gradient (Wang et al. 2005 ). Suri and Reinartz (2008) improved histogram bin size utilizing B-spline kernels, then used mutual information to register SAR and optical images. However, due to the different target reflection characteristic and speckle noise, the area-based measure often leads to unreliable results. What's more, most of the area-based methods can achieve high accuracy only for images with small misalignment. In contrast, feature-based techniques are more suitable for the problem. Many different methods based on common features have been proposed to solve the problem of automatically registering of SAR and Optical images. These features usually include point features, linear features (edge, road, river) and area features. Wu (2011) proposed a novel method based on SIFT and CRA similarity measure, and obtained accurate parameters using Quadratic polynomial and RANSAC algorithm. However, it is difficult to directly exact corresponding point features because of speckle noise. Improvements have been made to overcome the setback. In some methods, binary images or outline images were extracted, then common point features were utilized to register images (Li et al. 1993 , Li et al. 1995 , Peng 2009 Compared with traditional registration methods, the proposed offers several advantages. On the one hand, the proposed method considers both global information and local geometric information of the images to improve the accuracy of corresponding features. On the other hand, computational complexity is reduced significantly, because the graph spectral can effectively avoid combinatorial or iterative. The remainder of this paper is presented as follows. In Section 2, our method is formulated and applied to the registration between SAR and optical images. Some experimental results are given in Section 3, before we conclude the paper in Section 4.
METHODOLOGY
The basic principle of the proposed method is outlined in Fig. 1 
Voronoi diagram
Voronoi diagram differs from other areas of computational geometry and its origin can be traced back to Descartes in the 17th century. In mathematics, a voronoi diagram is a way to divide space into a number of regions. A set of points (called sites, seeds, or generators) is specified beforehand and for each seed there will be a corresponding region consisting of all points closer to that seed than to others. It is dual to the Delaunay triangulation. The distinct advantages of Voronoi diagram facilitate the utilization of local geometric information. a) In a Euclidean space with point sets, as the dual graph of the Delaunay triangulation, the voronoi diagram of point sets is more stable. b) Compared to common polygon, the similarity criterion of voronoi polygon is more rigorous. It meets the similarity of polygon shape, as well as, the position correspondence of point contained. c) If some points are inserted or removed, the change remains the local diagram and does not affect global stability, as shown in Fig. 2 .
The
The improved method
In the traditional Spectral Graph Theory, Gaussian-weighed adjacency matrix for two points is constructed, then the transform parameters can be acquired by performing singular value decomposition on the above matrices. However, the result is not desirable when the transformation parameters are large. The improved method contains the following steps: 1) Voronoi diagrams are generated from two control point sets, which can be obtained by the technique mentioned in 2.1. 2) A Gaussian-weighed proximity matrix H can be created, recording the distances between voronoi polygons from the two images. This new matrix P amplifies good pairings and attenuates bad ones ,as well as, has the same shape as the proximity matrix G. Thus, if P ij is both the greatest element in its row and column, then the two voronoi polygons are regarded corresponding. At last, RANSAC is used to remove the wrong corresponding points and improve registration accuracy. The transform relationship of the two input images can be achieved using the corresponding point sets.
EXPERIMENTAL RESULTS
Experiments were performed on three pairs of images with various resolutions of different areas. We illustrate the effectiveness of the proposed method by comparing the performance with the MIOI algorithm (Shu 2005 ) using airport images, overpass images and port images.
(1) Fig. 1 shows the optical and SAR images acquired around an airport and the registration results. The optical image with 6.5m resolution and SAR image with 5m resolution are shown in Fig.1 (a) and Fig.1 (b) respectively. The registration result of the proposed method is shown in Fig.1 (c) . The result of MIOI is shown in Fig.1 (d) . (2) Fig.2 shows the optical and SAR images acquired around a port and the registration results. The optical image and SAR image are shown in Fig.2 (a) and Fig.2 (b) respectively. The registration result of the proposed method is shown in Fig.2 (c) . The result of MIOI is shown in Fig. 2(d) . (3) Fig.3 shows the optical and SAR images acquired around an overpass and the registration results. The optical image obtained from Google Earth and Cosmo image with 1m resolution are shown in Fig.3 (a) and Fig.3 (b) respectively. The registration result of the proposed method is shown in Fig.3 (c) . The result of MIOI is shown in Fig.3 (d) . As shown above, better results are acquired by the improved method. In order to calculate the accuracy, RMSE of 10 pairs of corresponding points is employed , and it is defined as:
Where N = the number of corresponding points, x i, , y i = point coordinates of reference image, X i ,Y i = corresponding point coordinates of base image. Table I compares the efficiency and accuracy of the above methods for the optical image and SAR image. We can see that our proposed method can greatly improve efficiency. (Table  I) , some conclusions can be achieved: 1) The proposed method has better performance for the registration between optical and SAR images. Because of the changes in gray and effect of speckle noise, traditional methods are difficult to get satisfying result. Thanks to the local geometric information captured by voronoi diagram, the proposed method is robust to the two degradation factors. 2) Compared with other registration methods, the improved method is more stable. Voronoi diagram, which represents local geometric information of line intersections, is selected as the registration element. On the one hand, new inserted or removed points may change the local diagram, but don't affect the global stability; On the other hand, the change of local intersecting relationship of voronoi, will not disturb the global topology after affine transformation. 3) Compared with some methods with initial parameters, which will affect the result, the method introduced, could be more convenient.
CONCLUTION
The proposed method is suitable to automatic registration of SAR and optical images with stable line features. It can greatly improve the stability and reliability of the registration algorithm by combing voronoi diagram with Graph Spectral Theory to determine the corresponding point sets. Our method can achieve the automatic registration between optical and SAR images with high registration accuracy. However, the accuracy of line extraction affects the registration result. The point sets are based on line features. If the precision of line features isn't high, the accuracy of registration result will reduce, then, how to extract line features with high precision is our next step for improvement.
